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Synapse to Nucleus Signaling during Long-Term
Synaptic Plasticity: a Role for the Classical
Active Nuclear Import Pathway
All entry of soluble molecules into the nucleus occurs
via the nuclear pore complex, which contains aqueous
channels approximately 9 nm in diameter. Ions and
some small proteins of 20–60 kDa can passively diffuse
through the pore, while most proteins must be actively
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transported into the nucleus (Davis, 1995). Cytoplasmic2Brain Research Institute
proteins bearing nuclear localization signals (NLS) are3Department of Psychiatry
targeted to the nucleus and transported through theand Biobehavioral Sciences
pores by a large family of soluble nuclear transport fac-4Department of Physiology
tors known as importins or karyopherins (Weis, 2002).5Department of Biological Chemistry
In the classical nuclear import pathway, importin  rec-6Neuropsychiatric Institute
ognizes and binds to the NLS on the cargo protein andUniversity of California, Los Angeles
also binds to importin 1, which then docks the complexLos Angeles, California 90095
at the nuclear pore and mediates translocation from
the cytoplasm into the nucleus. Six distinct importin 
isoforms have been identified in human, five have beenSummary
identified in mouse, and three have been identified in
Drosophila, and in this report we describe an importinThe requirement for transcription during long-lasting
 isoform that we identified in Aplysia.plasticity indicates that signals generated at the syn-
While the classical active nuclear import pathway hasapse must be transported to the nucleus. We have
been well characterized in nonneuronal cells, little isinvestigated whether the classical active nuclear im-
known about its function in neurons. Earlier studiesport pathway mediates intracellular retrograde signal
demonstrated that rhodaminated human serum albumintransport in Aplysia sensory neurons and rodent hip-
microinjected into growth cones of culturedAplysia neu-pocampal neurons. We found that importins localize
rons was transported to the cell nucleus when the albu-to distal neuronal processes, including synaptic com-
min was coupled to an NLS but remained in the growthpartments, where they are well positioned to mediate
cone in the absence of an NLS, indicating that the activesynapse to nucleus signaling. InAplysia, stimuli known
nuclear import machinery was present in the growthto produce long-lasting but not short-lasting facilita-
cone of Aplysia neurons and that it could function totion triggered importin nuclear translocation. In hippo-
transportmolecules to the nucleus (Ambron et al., 1992).campal neurons, NMDA receptor activation but not
Several groups have reported expression of importin depolarization induced importin nuclear translocation.
in the brain (Kohler et al., 1997, 1999; Prieve et al., 1996),We further showed that LTP-inducing stimuli recruited
and immunohistochemical analyses have suggestedactive nuclear import in hippocampal slices. Together
that neuronal importin  and  are present not only inwith our finding that long-term facilitation of Aplysia
somatic regions, but also in hippocampal and cerebellarsensory-motor synapses required active nuclear im-
dendrites (Kamei et al., 1999). More recently, Fainzilberport, our results indicate that regulation of the active
and colleagues (Hanz et al., 2003) have reported thatnuclear import pathway plays a critical role in trans-
importin  and  are present in motor neuron axons,porting synaptically generated signals into the nucleus
that importin mRNA is translated in the axon followingduring learning-related forms of plasticity.
crush injury, and that the active nuclear import pathway
functions in signaling from injured axons to initiate tran-
Introduction
scription-dependent regeneration.
In this study, we examine the role of the classical
Long-lasting forms of learning-related synaptic plastic- active nuclear import pathway in transporting signals
ity require new transcription (Alberini, 1999), indicating from the cytoplasm into the nucleus using two experi-
that signals generated at the synapse must be trans- mental models that undergo learning-related synaptic
ported to the nucleus, where they are converted into strength changes: Aplysia sensory-motor neurons and
changes in gene expression. Little is known about the rodent hippocampal neurons. The sensory and motor
cellular mechanisms that target and transport synapti- neurons that underlie sensitization and classical condi-
cally activated second messengers and transcription tioning of the gill withdrawal reflex inAplysia formmono-
factors to the nucleus. The extreme polarity of neurons synaptic connections in culture, and these synapses
presents a special set of challenges for intracellular sig- undergo both short- and long-lasting strengthening or
nal transduction, because thedistancebetween the syn- facilitation in response to electrical andpharmacological
apse and nucleus can be extremely large. Thus, a signal stimuli (Pittenger and Kandel, 2003). Long-term facilita-
from a distal synapse must first travel the length of the tion (LTF) of cultured Aplysia sensory-motor synapses
axon or dendrite and then through the somatic cyto- is elicited by application of five spaced pulses of the
plasm to reach the nuclear envelope. modulatory neurotransmitter serotonin (5-HT), which
leads to a transcription-dependent, persistent increase
in synaptic strength (Montarolo et al., 1986). Localized*Correspondence: kcmartin@mednet.ucla.edu
7These authors contributed equally to this work. application of 5-HT to distal synaptic sites is sufficient
Neuron
998
to recruit transcription-dependent LTF (Martin et al., loss of importin immunoreactivity in neuronal processes,
suggesting that importins translocated from distal sites1997a; Sherff and Carew, 1999), indicating that signals
can in fact travel from a distal synapse to the nucleus. to the nucleus.We further demonstrated that stimuli that
produce persistent LTP of Schaeffer collateral synapses5-HT stimulation of sensory neurons leads to increases
in cAMP in the sensory neuron, and to activation of PKA triggered NMDA receptor-dependent nuclear import of
importin 1, 2, and importin 1 in acute hippocampaland MAPK (Pittenger and Kandel, 2003). Importantly,
5-HT does not increase intracellular calcium in sensory slices. Together, these findings indicate that the classi-
cal active nuclear import pathway is required for tran-neurons (Blumenfeld et al., 1990) and does not depolar-
ize sensory neurons, indicating that the signal that is scription-dependent, long-lasting plasticity and that its
activity is regulated by stimuli known to produce long-transported from the synapse to the nucleus is likely to
travel as a soluble signal through the cytoplasm, and term changes in synaptic strength.
not as an electrical signal or in the form of an intracellular
calcium wave. Results
The mammalian hippocampus is critical for spatial
and other forms of explicit memory in human patients The Active Nuclear Import Pathway Is Required
and experimental animals (Pittenger and Kandel, 2003; for 5-HT-Induced LTF of Cultured Aplysia
Suzuki and Clayton, 2000). Like the Aplysia sensory- Sensory-Motor Synapses
motor synapse, hippocampal synapses undergo activ- To determine whether transcription-dependent forms of
ity-dependent strengthening known as long-term po- synaptic plasticity depend on the active nuclear import
tentiation (LTP) (Bliss and Collingridge, 1993). LTP of pathway, we microinjected anti-nuclear pore complex
hippocampal synapses occurs in both short- and long- (NPC) antibodies into cultured Aplysia sensory neurons
lasting forms, with the long-lasting form depending on that formed synapseswithmotor neurons. NPCantibod-
new gene transcription (Frey et al., 1988; Nguyen et ies have been shown to block active translocation
al., 1994). Long-lasting LTP of hippocampal synapses through the nuclear pore without disturbing passive dif-
sharesmanymolecularmechanismswith LTF inAplysia, fusion (Clever et al., 1991; Featherstone et al., 1988).
including a requirement for PKA, MAPK, and CREB- In these experiments, the amplitude of the excitatory
mediated transcriptional activation (Pittenger and Kan- postsynaptic potential (EPSP) was measured in 4-day-
del, 2003; Waltereit and Weller, 2003). The induction of old cultures. We then microinjected mouse monoclonal
LTP at CA3-CA1 synapses requires the influx of calcium anti-NPC antibodies or, as a negative control, mono-
through the N-methyl-D-aspartate (NMDA) subtype of clonal anti-influenza virus hemagglutinin into the cyto-
glutamate receptor. Calcium influx through the NMDA plasm of the sensory neuron. Three hours after microin-
receptor as well as through L-type voltage-activated jection, cultures were either mock treated or treated
channels is known to trigger changes in gene expression with five spaced applications of 5-HT, and EPSP ampli-
in the postsynaptic neuron (West et al., 2001). Studies tude was again measured 24 hr later. At the end of
of calcium-induced CREB activation in cultured hippo- the experiment, cells were fixed and stained with Cy2-
campal neurons have indicated a role for the nuclear labeledanti-mouse IgGantibodies to confirmsuccessful
injectionwith anti-NPC antibodies (Figure 1C). As showntranslocation of synaptically activated calmodulin (Har-
dingham et al., 1998), MAPK (Sweatt, 2001), and PKA in Figure 1, EPSP amplitude did not change significantly
over a 24 hr period in uninjected, control synapses(Brandon et al., 1997). Other studies have found that
activation of hippocampal neurons can lead to the nu- (3%  3% mean amplitude change; control mock),
whereas five spaced applications of 5-HT produced LTFclear import of transcription factors including NFAT
(Graef et al., 1999) and NF-B (Meffert et al., 2003), both (59%  20% mean amplitude change; control 5X5HT).
Microinjection of anti-NPC antibodies had no effect onof which contain classical signals for nuclear localiza-
tion. Thecell biologicalmechanismswhereby thesemol- basal synaptic transmission (8%  4% mean ampli-
tude change; anti-NPC mock) but completely blockedecules are transported into the nucleus following neu-
ronal stimulation have not yet been elucidated. LTF (16%  10% mean amplitude change; anti-NPC
5X5HT). Anti-HA antibodies, in contrast, did not haveOur studies indicate that the classical active nuclear
import pathway plays a role in the transport of signals any significant effect on either basal synaptic strength
(20%  10% mean amplitude change; anti-HA mock)from the synapse to the nucleus in neurons. We show
that inhibition of active nuclear import blocked 5-HT- or on 5-HT-induced LTF (50%  14% mean amplitude
change; anti-HA 5X5HT). To ensure that the anti-NPCinduced LTF ofAplysia sensory-motor synapseswithout
altering basal synaptic transmission. Consistent with a antibodies in fact inhibited nuclear import, we microin-
jected Alexa Fluor 488-labeled BSA coupled to the NLSrole in signaling between the synapse and nucleus, we
found that importin  transport carriers were present in of SV40 large T antigen into sensory neurons 3 hr follow-
ing microinjection of the anti-NPC antibodies. While thisdistal neurites of Aplysia neurons as well as in the distal
dendrites and axons of rodent hippocampal neurons. construct was efficiently transported into the nucleus
of control sensory neurons, prior microinjection of anti-We found that stimuli known to produce long-lasting
changes in synaptic strength triggered nuclear translo- NPC antibodies prevented its nuclear import (see
Supplemental Figure S1 at http://www.neuron.org/cgi/cation of these transport carriers. Specifically, treatment
either with five pulses of 5-HT or with forskolin triggered content/full/44/6/997/DC1/). These studies indicate that
sensory neurons do not depend on active import intonuclear import of Aplysia importin 3, while activation
of NMDA glutamate receptors triggered nuclear import the nucleus to maintain synaptic strength over a 24 hr
period but that active nuclear import is required for 5-HT-of importin 1, 2, and importin 1 in dissociated hippo-
campal neurons. This import was accompanied by a induced transcription-dependent synaptic strengthening.
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importin 4 (75% identity), and Drosophila importin 3
(69% identity), and lesser amounts of homology with
mouse importin 1, 2, and 5 (see Supplemental Figure
S2A at http://www.neuron.org/cgi/content/full/44/6/
997/DC1/). We named this clone Aplysia importin 3, or
ApImp3 (GenBank accession number AY536211). In
situ hybridization of cultured Aplysia sensory-motor
neurons indicated that ApImp3 mRNA was present in
the cell soma of both sensory and motor neurons (see
Supplemental Figure S2B).
ApImp3 Is Present in Distal Neurites
of Cultured Aplysia Neurons
To examine the localization of importin  protein in
Aplysia neurons, we generated a rabbit polyclonal anti-
body against an N-terminal 300 amino acid fusion pro-
tein of ApImp3. The antibody recognized a single 57
kDa band by immunoblotting, which was present both
in homogenates of CNS and in synaptosome fractions
(Figure 2E). Immunocytochemical studies indicated that
ApImp3 was present in the cell body of both sensory
and motor neurons, primarily in the cytoplasm with a
distinct accumulation at the nuclearmembrane, and that
immunoreactivity extended into distal neurites (Fig-
ures 2A–2D).
To examine the localization of ApImp3 in live sensory
neurons, we expressed ApImp3-GFP constructs in cul-
tured sensory neurons. As shown in Figure 2J, ApImp3-
GFP was present in the cell body of cultured neurons,
where accumulation at the nuclear envelope could be
visualized by taking optical sections through the cell
body. Importantly, ApImp3-GFP also localized to distal
processes and was present at varicosities, sites of syn-
aptic contact with the motor neuron. This was clearly
visualized by fixing and staining ApImp3-GFP express-Figure 1. LTF of Aplysia Sensory-Motor Synapses Requires Active
Nuclear Import ing cells with anti-synaptotagmin antibodies to visualize
EPSP amplitude was measured in 4-day-old cultured Aplysia sen- the sites of synaptic contact (Figures 2F–2I) or by label-
sory-motor synapses. Sensory cells were microinjected with buffer ing the motor neuron with a fluorescent dye, Alexa Fluor
(control), with monoclonal anti-HA antibodies, or with monoclonal hydrazide 546, and imaging the green sensory neuron
anti-NPC. Three hours after microinjection, cultures were either
ApImp3-GFP in varicosities making contact with themock treated or treated with five 5 min pulses of 5-HT. EPSP ampli-
red Alexa Fluor 546-labeled motor neurite (Figuretude was again measured 24 hr later. Mock-injected, mock-treated
2K). Together, these localization studies indicate thatcells did not show significant differences in EPSP amplitude over
24 hr, whereas five spaced applications of 5-HT to mock-injected ApImp3 is present not only in the somatic cytoplasm,
cultures produced LTF. Microinjection of anti-HA antibodies did but also in distal neurites, where it could function to
not significantly alter either basal synaptic transmission or 5-HT- transport signaling molecules from distal synapses to
induced LTF. While microinjection of anti-NPC antibodies did not
the nucleus.significantly affect basal transmission, it blocked LTF. (A) Sample
traces from initial (pre) and 24 hr (post) EPSP measurements. (B)
Histogram of mean percent change standard error in EPSP ampli- Stimuli that Produce LTF of Aplysia
tude at 24 hr. *p  0.05 by ANOVA and Newman-Keuls multiple Sensory-Motor Neurons Trigger the Nuclear
comparisons test. (C) Sensory neuron microinjected with anti-NPC Import of ApImp3
antibodies, fixed and stained with Alexa Fluor 488 anti-mouse anti- To determine whether stimuli that produce long-lasting
bodies.
changes in synaptic strength can modulate the activity
of the nuclear import pathway, we expressed ApImp3-
GFP in sensory cells synaptically connected to motorIdentification of Aplysia Importin 
To further study the active nuclear import pathway in neurons and imaged optical sections through the sen-
sory cell upon application of forskolin (50 M). By in-Aplysia, we cloned Aplysia importin . We did this using
degenerate PCR, designing primers for regions con- creasing intracellular cAMP concentrations, forskolin is
capable of producing transcription-dependent forms ofserved among species and between different importin
 isoforms. A 783 base pair fragment was amplified and long-term synaptic plasticity with only a single relatively
brief (30 min) application (Martin et al., 1997b; Schacherused to probe a cDNA library prepared from Aplysia
sensory clusters. We isolated a 1.8 kb cDNA encoding et al., 1993). As shown in Figure 3A, a single application
of forskolin induced translocation of ApImp3 into thea 515 amino acid long protein sharing highest levels of
homologywithmouse importin 3 (76% identity), mouse nucleus. The amount of ApImp3 in the nucleus in-
Neuron
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Figure 2. Aplysia Importin 3 Is Present in
Distal Neuronal Processes
(A–E) Endogenous Aplysia importin 3
(ApImp3) is present in distal neurites of sen-
sory and motor neurons. Five-day-old cul-
tured Aplysia sensory-motor neurons were
fixed and stained with preimmune serum (A)
or with affinity-purified antibodies generated
against a GST-ApImp3 fusion protein (B–D).
As shown in (C), ApImp3 was present in dis-
tal neurites including at varicosities (arrows),
sites of synaptic contact. (D) Confocal sec-
tions through the cell body of sensory neu-
rons double labeled with anti-ApImp3 (green)
and anti-NPC (red) antibodies revealed accu-
mulation of ApImp3 around the nuclear en-
velope. (E) Immunoblots of Aplysia CNS ly-
sates (CNS) and synaptosome fractions (syn)
also indicated that ApImp3 was present in
synaptic compartments. Synaptosome frac-
tions were enriched for the synaptic vesicle
protein VAMP. (F–K) PNEX3-ApImp3-GFP
was microinjected into sensory neurons
and imaged 24 hr later. A confocal section
through the sensory cell body shows accu-
mulation of ApImp3-GFP around the nuclear
membrane (J). Sites of synaptic contact be-
tween the sensory and motor neurons ([G]
and lower magnification [G]) were visualized
by synaptotagmin staining (F) that coloca-
lized with ApImp3-GFP expression (see
arrows in [F]–[I]). Localization of ApImp3 at
sites of synaptic contact was also visualized
by imaging ApImp3-GFP-containing vari-
cosities (see arrows) forming synapses onto
motor neurons labeled with Alexa Fluor 546
(K). Scale bars, 75 m for (A) and (B); 25 m
for (C), (F)–(I), and (J); 100 m for (G); 10 m
for (K).
creased by 5 min (13%  3% increase over 0 min) and Importins Are Present in Distal Synapses
of Rodent Hippocampal Neuronscontinued to increase to reach a peak at 30 min (50%
9%). In control experiments, we incubated ApImp3- Since long-lasting forms of synaptic plasticity at rodent
hippocampal synapses have also been shown to requireGFP-expressing cells with vehicle (DMSO). Although a
small, significant increase in nuclear ApImp3 was ob- new gene transcription, we asked whether importin nu-
clear transport carriers are appropriately localized toserved 5 min following DMSO application (10%  3%),
there was no further significant increase with time, and carry signals from the distal processes of mouse hippo-
campal neurons. Using specific antibodies against twothe increase observed with forskolin was significantly
higher at all time points following 5 min. In a second set endogenous mouse importin isoforms, importin 1 and
importin 2 (for demonstration of antibody specificity,of control experiments, we found that forskolin applica-
tion did not alter the localization of GFP alone expressed see Supplemental Figure S3 at http://www.neuron.org/
cgi/content/full/44/6/997/DC1/), we found that both nu-in sensory neurons (data not shown).
We also examined the ability of 5-HT to stimulate clear transport carriers were present in cultured hippo-
campal neurons (Figure 4A). They were localized in thenuclear translocation of ApImp3-GFP. As shown in Fig-
ure 3B, although a single 5 min application of 10 M cell soma, with a characteristic accumulation at the nu-
clear envelope, as well as in the nucleus with accumula-5-HT, which is sufficient to produce short-term facilita-
tion but not LTF, did not stimulate ApImp3-GFPnuclear tion around nucleoli. Importins were also present in dis-
tal dendrites that colabeled with the somatodendritictranslocation, five spaced 5min pulses of 5-HT, capable
of producing LTF, induced a robust increase in the inten- markerMAP2 (Figure 4B). Some importin immunoreac-
tivity was detected in MAP2-negative processes thatsity of ApImp3-GFP in the nucleus. The increase in
nuclear ApImp3-GFP became significant after four colabeled with the axonal marker tau (arrows in Figure
4B and data not shown). In addition to diffuse stainingpulses of 5-HT (30%  8%) and continued to increase
with five pulses of 5-HT (52%  9%). Together, these throughout the cytoplasm, we observed dendritic im-
portin immunoreactivity that appeared to colocalizewithresults indicate that stimuli that produce long-lasting,
transcription-dependent facilitation of sensory-motor the postsynaptic marker PSD 95 (Figure 4C). These im-
munostaining data revealed that importins are localizedsynapses activate the classical nuclear import pathway.
Importin-Mediated Nuclear Import during Plasticity
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Figure 3. Stimulus-Induced Nuclear Translocation of ApImp3
PNEX-ApImp3-GFP was expressed in sensory neurons that were synaptically connected to motor neurons, and baseline confocal images
were taken through the nucleus. One set of cultures was treated with forskolin (50 M; green line) or vehicle (0.1% DMSO; purple line) for 30
min (A), which was then washed out and replaced with normal culture medium. Another set of cultures received five 5 min pulses of 5-HT (10
M; green line) given at 20 min intervals, which produced long-term facilitation of the synapses, or with a single 5 min application of 5-HT
followed by four applications of vehicle (ASW) given at 20 min intervals, which produced short-term facilitation of the synapses (B). Confocal
images were acquired at indicated time points. (A) Representative optical sections of forskolin- and DMSO-treated sensory neurons. Scale
bar, 25 m. The amount of ApImp3 in the nucleus increased 5 min following forskolin application, continued to increase to reach a peak at
30 min, and decreased by 120 min. Although a small, significant increase in nuclear ApImp3 was observed 5 min following DMSO application,
there was no further significant increase with time. (B) The amount of ApImp3 in the nucleus increased after four 5 min pulses of 5-HT and
continued to increase with the fifth pulse of 5-HT. In contrast, the amount of ApImp3 in the nucleus did not increase at any time point
following a single 5 min pulse of 5-HT. Stimuli shown on the abscissa represent either 5 min pulses of 5-HT given at 20 min intervals (green
line) or a single pulse of 5-HT followed by four pulses of ASW given at 20 min intervals (purple line). *p  0.05; **p  0.01; ANOVA followed
by Dunnett’s post hoc test.
in distal processes where they could function to carry apse. Immunostaining of cultured hippocampal neurons
with specific importin 1 antibodies indicated that im-signals over long distances and further suggested that
importins may be present at synaptic sites. portin 1 was present predominantly in the cell soma,
with strong staining around the nuclear membrane. Al-To determine whether importin transport carriers are
present at the synapse, we asked if importin 1 and 2 though importin 1 immunoreactivity was present in dis-
tal dendrites and axons, the expression wasmuch lowercould be detected in synaptosome and postsynaptic
density (PSD) fractions prepared from adult rat fore- than that for importin (Figures 4Aand4B). Immunoblot-
ting of PSD and synaptosome fractions from rat fore-brain. As shown in Figure 4D, both transport carriers
were present, although not enriched, in synaptosome brain indicated that, although importin 1 was present
in synaptic compartments, little, if any, associated withand PSD fractions. Interestingly, importin 2 was pres-
ent as a doublet in PSD fractions, suggesting that it the PSD (Figure 4D). The difference in importin  and 
localization suggests that, while importin  may bindmight be posttranslationally modified when associated
with the PSD. Together with our immunostaining find- NLS-containing cargoes at the synapse, it may complex
with importin 1 predominantly in the cell soma.ings, these results localize importin 1 and 2 nuclear
transport carriers to synaptic regions, in association
with the PSD where they are well positioned to play a Activity-Dependent Nuclear Localization
of Importin 1, 2, and 1role in synapse to nucleus signaling.
In the classical active nuclear import pathway, im- in Cultured Hippocampal Neurons
Cultured hippocampal neurons have high levels of spon-portin  binds NLS-containing cargoes and also associ-
ates with importin 1, which mediates translocation taneous neurotransmitter release and action potential
firing due to the formation of recurrent connections un-through the nuclear pore. We therefore sought to deter-
mine whether importin 1 was also present at the syn- der culture conditions. We asked whether basal activity
Neuron
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had any effect on importin localization by incubating
cultures with the sodium channel blocker tetrodotoxin
(TTX) to prevent neurons from generating action poten-
tials. As shown in Figure 5, basal cultures contained
significantly more importin 1, 2, and 1 in the nucleus
than TTX-silenced cultures (nuclear pixel intensity of 1,
2, 1 for basal cells was 109  6, 104  8, 93  4,
respectively; for TTX-silenced cells, 53 2, 68 3, 56
2). A similar reduction in nuclearly localized importin 1,
2, and 1 was also detected when the postsynaptic
response to action potentials was blocked using selec-
tive NMDA and AMPA glutamate receptor antagonists
(59  3, 71  4, 62  3). Consistent with importins
playing a role in signaling to the nucleus, these findings
indicate that endogenous activity in culture is sufficient
to recruit the classical active nuclear import pathway
and further suggest that nuclear import is regulated by
neuronal activity.
NMDA Receptor Activation, Not Depolarization,
Triggers Nuclear Translocation
of Importin 1, 2, and 1
Next, we sought to determine the specific trigger for
translocation by investigating importin localization un-
der conditions in which the effect of depolarization was
isolated from the effect of glutamate receptor activation.
Toward this end, hippocampal cultures were pretreated
with either TTX or glutamate receptor antagonists in
order to produce a stable and low baseline of nuclearly
localized importin. Cultureswere theneither depolarized
with 90 mM KCl for 5 min in the presence of APV and
NBQX or stimulated for 5 min with 40 M glutamate in
the presence of TTX. To allow time for importin translo-
cation, cultures were fixed at 30min and immunostained
to reveal changes in nuclear importin localization as a
result of treatment. As shown in Figure 6, KCl depolariza-
tion had no effect on the amount of importin 1, 2, or
1 in the nucleus (mean nuclear intensity of 1, 2, 1
for KCl-depolarized cultures was 71  3, 75  3, 42 
1, respectively, compared to 55  2, 64  3, 61  3 for
TTX-silenced cultures). In contrast, activation of gluta-
mate receptors significantly increased the nuclear im-
munoreactivity of the importin transport carriers 1, 2,
and 1 (mean nuclear intensity of 1, 2, 1 was 111 
7, 109  4, 102 7, respectively). Identical results were
obtained with neurons cultured from rat hippocampus
(data not shown). Nuclear translocation in response to
glutamate was completely blocked in the presence of
Figure 4. Localization of Endogenous Importin 1, 2, and 1 in the NMDA receptor antagonist APV (mean nuclear inten-
Hippocampal Neurons
sity of1,2,1was562, 71 2, 58 2, respectively).
(A) Immunofluorescent staining of cultured mouse hippocampal In contrast, antagonism of AMPA receptors, metabo-
neurons with isoform-specific importin antibodies. Confocal images
tropic glutamate receptors, or L-type calcium channelsshow that importins are localized in the nucleus and throughout the
cytoplasm of the cell body and neuronal processes. (B) Double
labeling cultured mouse hippocampal neurons with importin anti-
bodies (green) and the somatodendritic marker MAP2 (red) shows
brain homogenate (Hom) were probed with the following isoform-that 1, 2, and 1 are present in dendrites. In order to visualize
immunoreactivity in fine processes, it was necessary to saturate specific antibodies: importin 1 (68 Kd), importin 2 (57 Kd), importin
1 (97 Kd). Importin 1, 2, and 1 were present in synaptosomeimportin somatic staining. Arrows in the red and green channel
overlay of the boxed region (on right) point to MAP2-negative im- fractions. Importin 1 and 2 were also present, although not en-
riched, in PSD fractions, while 1 showed little if any associationportin 1, 2, and 1 immunoreactive processes indicating their
axonal expression. (C) Dendritic importin 1 and 2 immunoreactiv- with the PSD. Control Western blots were probed with PSD 95 (95
Kd) or synaptophysin (38 Kd) to confirm that PSD fractions wereity (green) appears to colocalize with the postsynaptic marker PSD
95 (red) in cultured mouse hippocampal neurons (arrowheads). (D) indeed enriched for the postsynaptic protein and free of presynaptic
component. Scale bar (A–C), 25 m.Western blots of adult rat PSD (PSD), synaptosome (Syn), and fore-
Importin-Mediated Nuclear Import during Plasticity
1003
Figure 5. Activity-Dependent Nuclear Localization of Importin 1, 2, and 1 in Cultured Hippocampal Neurons
Mouse hippocampal cultures were incubated for 4–6 hr with either TTX (1 M) to block action potential generation or APV (20 M) and NBQX
(10 M) to block glutamate receptors. Neurons were then fixed and stained with isoform-specific importin antibodies, and the amount of
nuclear staining was compared to that of untreated basal cultures. Representative pictures (left) show that the intense endogenous neuronal
activity of hippocampal cultures stimulated the nuclear translocation of importin 1, 2, and 1. Group data (right) show that basal cells have
significantly more importin immunoreactivity in the nucleus than do cells that were incubated with TTX or with APV and NBQX. (n 	 40–59;
*p  0.001; ANOVA followed by Newman-Keuls multiple comparison test). Scale bar, 25 m.
was insufficient to block glutamate-induced nuclear im- importin-GFP localization, we used confocal micros-
copy to image an optical section through the nucleusport (Supplemental Figure S4 at http://www.neuron.org/
cgi/content/full/44/6/997/DC1/). We also found that glu- at 0, 10, 20, and 30 min after stimulus application. As
shown in Figure 7B, glutamate caused translocationtamate-induced nuclear import was not prevented by
transcriptional inhibition with actinomycin D (data not from the somatic cytoplasm into the nucleus that
reached significance by 30 min (nuclear intensity wasshown). These findings indicate that importin  and 
nuclear translocation plays a role in the early signaling 122%  20% of cytoplasm as compared to 60%  2%
before glutamate stimulation). In a control experiment,events initiated by NMDA receptor activation.
To examine whether importins translocate from distal we expressed GFP alone and found that it did not trans-
locate with stimulation (data not shown). KCl-mediatedsites into the nucleus, we quantified the amount of den-
dritic importin immunoreactivity 50 m from the cell depolarization in the presence of NMDA and AMPA re-
ceptor blockers failed to induce a significant net move-body of glutamate-treated neurons as shown in Figure
6B. The increase in importin immunoreactivity in the ment of importin 2 at any of the time points tested,
confirming that neuronal depolarization in the absencenucleus was accompanied by a significant reduction of
immunoreactivity in the dendrite (mean dendritic pixel of ionotropic glutamatergic activity is insufficient to trig-
ger importin 2 nuclear translocation. The increase ofintensity of 1, 2, 1 for TTX-silenced cells was 27 
1, 42  2, 17  1, respectively, compared to 15  1, importin 2-GFP in the nucleus was accompanied by
an apparent decrease in the cytoplasm, as shown in28  1, 11  1 for glutamate-treated). These results
are consistent with importins transporting signals from Figure 7A. Together with the immunocytochemical ex-
periments described above, these results indicate thatdistal synapses into the nucleus.
importin  nuclear translocation is actively regulated by
glutamatergic stimulation of hippocampal neurons.Importin 2-GFP Expressed in Live Cultured
Hippocampal Neurons Translocates
from the Cytoplasm into the Nucleus LTP-Inducing Stimuli Trigger Importin 1, 2,
and 1 Nuclear Translocation in the CA1with Glutamatergic Stimulation
To examine nuclear translocation of importin  in live Region of Hippocampal Slices
Sincewe found that glutamate-induced importin nuclearcells, we transfected hippocampal neurons with GFP-
tagged importin 2 and detected expression in the cell translocation relies on NMDA receptor activation, we
reasoned that the active nuclear import pathway mightbody and distal dendrites and axons, similar to that of
endogenous importin  (Figure 7A). Tomonitor the effect play an important role in signaling to the nucleus during
NMDA receptor-dependent LTP of hippocampal syn-of depolarization and glutamate receptor activation on
Neuron
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Figure 6. NMDA Receptor Activation but Not Depolarization Stimulates Importin 1, 2, and 1 Translocation from Distal Neuronal Processes
to the Nucleus
(A) To isolate the effect of depolarization from glutamate receptor activation, either mouse hippocampal cultures were electrically silenced
with TTX (1 M) and then stimulated with glutamate (40 M) in the presence of TTX or cultures were incubated with glutamate receptor
antagonists APV (20 M) and NBQX (10 M) for 4–6 hr and then depolarized with KCl (90 mM) in the presence of antagonists. At 30 min,
cultures were fixed and stained with anti-importin antibodies, and the mean pixel intensity of nuclear staining was determined and compared
to TTX baseline. Representative pictures (left) show that glutamate receptor activation, not depolarization, triggered nuclear import. The group
data (right) show that glutamate-treated neurons have significantly more nuclear importin than TTX baseline cultures (*p  0.001; n 	 41–143;
ANOVA followed by Newman-Keuls multiple comparison test). Glutamate-induced nuclear import was completely blocked when 100 M APV
was included during glutamate application. (B) To examine whether importins translocate from distal sites into the nucleus, we quantified the
amount of dendritic importin immunoreactivity in 10 m2 regions located 50 M from the cell body (arrows) of TTX-silenced or glutamate-
stimulated cells as shown on the left. The significant nuclear translocation of glutamate-stimulated neurons was accompanied by a significant
reduction of importin 1, 2, and 1 in the distal dendrites (*p  0.001; n 	 133–148; ANOVA followed by Newman-Keuls multiple comparison
test). Scale bar (A and B), 25 m.
apses. To examine importin localization in response to cording (pre- and postpotentiation traces are shown in
Figure 8C). Slices were fixed 30 min after the inductionpotentiating stimuli, we used a previously described
chemical LTP protocol known to produce NMDA recep- of LTP and prepared for immunostaining. As shown in
Figure 8, confocal images taken of the CA1 cell bodytor-dependent potentiation of CA1 synapses that oc-
cludes tetanus-induced LTP (Makhinson et al., 1999). layer reveal significantly more nuclear importin immuno-
reactivity in chemical LTP-treated slices than in un-The protocol relies on adenylate cyclase activation by
forskolin and on synaptic activity induced by removing treatedcontrols (meannuclear intensity of1,2, and1
for control sliceswas 92 4, 90 5, 56 1, respectively,extracellularMg2
andelevating extracellular concentra-
tions of K
 and Ca2
. This form of chemical LTP lasts compared to 168  4, 121  5, 94  2 for chemical
LTP-treated slices). Chemical LTP treatment did notat least 3 hr and has been shown to depend on new
gene transcription and protein translation (Chotiner et stimulate importins to translocate to the nucleus in the
presence of APV, demonstrating that nuclear import re-al., 2003). Potentiation was monitored by electrical re-
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1005
Figure 7. Importin 2-GFPExpressed in Live CulturedHippocampal
Neurons Translocates from the Cytoplasm into the Nucleus with
Glutamatergic Stimulation
(A) Rat hippocampal neurons transfected with importin 2-GFP
showed expression similar to endogenous importin with localization
in the nucleus, cell body, and dendrites (left). Within 30 min after
glutamatergic stimulation, strong nuclear translocation was accom-
panied by loss of importin from the dendritic cytoplasm (right). Scale
bar, 25 m. (B) Localization of importin 2-GFP was monitored
by confocal microscopy over 30 min following addition of 40 M
glutamate in the presence of TTX. Significant nuclear translocation
in response to glutamate receptor activation was seen at 30 min
(*p  0.05; n 	 6–9; ANOVA followed by Dunnett’s post hoc test).
No change in 2-GFP localization was observed after 90 mM KCl
depolarization in the presence of glutamate receptor antagonists.
quiresNMDA receptor activation (seeSupplemental Fig-
ure S5 at http://www.neuron.org/cgi/content/full/44/6/ Figure 8. LTP-Inducing Stimuli Trigger Importin Nuclear Transloca-
tion in Hippocampal Acute Slices997/DC1/). These results indicate that the active nuclear
import pathway is recruited by LTP-inducing stimuli in Hippocampal slices were fixed 30 min after chemical LTP treatment
and stainedwith isoform-specific importin antibodies. (A) Represen-hippocampal neurons and are consistent with our find-
tative confocal images of theCA1cell body layer in untreated controlings in Aplysia showing importin translocation during
slices and chemical LTP-treated slices. Scale bar, 50m. (B) Quanti-LTF.
fication of the nuclear pixel intensity determined that chemical LTP
treatment led to a significant increase in importin 1, 2, and 1
Discussion immunoreactivity over controls (*p  0.001; n 	 177–545 nuclei
from 6–12 slices per condition; ANOVA followed by Newman-Keuls
multiple comparison test). (C) Representative electrophysiologicalWe investigated the classical active nuclear import path-
fEPSP traces recorded before and after chemical LTP treatment toway in neurons, with the aim of determining whether
confirm the induction of potentiation. Scale bar, 1 mV and 2.5 ms.this pathway plays a role in transporting synaptically
generated signals into the nucleus during transcription-
dependent forms of plasticity. We found that importin known to be involved in transcription-dependent forms
of learning-related plasticity. Five pulses of 5-HT, whichnuclear transport carriers localize to distal Aplysia and
hippocampal neuronal processes including synaptic produce transcription-dependent LTF of Aplysia sensory-
motor synapses, triggered nuclear import of ApImp3-compartments, where they are well positioned to trans-
port synaptic signals to the nucleus.We further showed, GFP, while one pulse of 5-HT, capable only of producing
transcription-independent, short-term facilitation, didin both models, that importins translocated to the nu-
cleus in response to stimuli known to produce transcrip- not. Similarly, forskolin, which activates adenylate cy-
clase and thereby also produces LTF, promoted nucleartion-dependent changes in synaptic strength. Together
with our data showing that the active nuclear import import of ApImp3-GFP in Aplysia sensory neurons. In
hippocampal neurons, glutamatergic transmission acti-pathway was required for Aplysia LTF, our results indi-
cate that regulation of the classical import pathway vates NMDA receptors, leading to local calcium influx
known to underlie LTP. We demonstrated that the spe-plays a crucial role in the transport of signals to the
nucleus required for long-lasting forms of plasticity. cific trigger for nuclear import was glutamatergic stimu-
lation of NMDA receptors. We further showed that aThe specific stimuli that triggered nuclear import are
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transcription- and translation-dependent form of LTP as previous research has indicated (Ambron et al., 1992;
Hanz et al., 2003).recruited the nuclear import pathway in hippocampal
acute slices. Taken together, results from both model Given that neurons are specialized for much more
rapid means of signaling from the synapse to the nu-systems provide strong evidence for a role in signal
transport required for long-lasting plasticity. cleus, such as dendritic action potential firing or calcium
wave propagation, what might be the use of recruitingIt was somewhat surprising to us that neuronal stimu-
lation led to such robust nuclear accumulation of the the slower active nuclear import pathway during plastic-
ity? One possibility emerges from consideration of theimportins, given that importin  is normally very rapidly
transported out of the nucleus by the CAS export carrier phosphorylation-dependent activation of the transcrip-
tion factor CREB, which has been shown to be required(Kutay et al., 1997). We believe the strong nuclear accu-
mulation we observed in Aplysia and hippocampal neu- for long-term plasticity in a number of species and learn-
ing paradigms (Silva et al., 1998). CREB can be phos-rons can be attributed to the fact that neuronal stimula-
tion by bath application of 5-HT and glutamate activates phorylated in transient and in more sustained manners
depending on the strength of neuronal stimulation (Wuall synapses, thereby generating an excess of signals
to be transported into the nucleus. Since the nuclear et al., 2001). Specifically, weak depolarization leading
to submaximal calcium influx triggers calmodulin trans-export pathway is known to be sensitive to cellular stress
(Miyamoto et al., 2004), it is also possible that, in addition location and activation of CREB by CaMKIV, with CREB
phosphorylation lasting forapproximately 10min.Strongerto regulating nuclear import, neuronal stimulation inhib-
its export, causing importins to become trapped in the depolarization-evoked calcium transients recruit MAPK
phosphorylation and activation of CREB, persisting fornucleus. Although excitotoxicity can result from gluta-
mate treatment, we do not believe that it underlies the at least 60 min. Perhaps fast electrical signaling and
opening of voltage-gated calcium channels in the cellnuclear accumulation we observed in hippocampal neu-
rons, because the endogenous neuronal activity of un- somaunderlie the initial, transientphosphorylationofCREB,
with signaling through the active nuclear import pathwaytreated cultures produced similar nuclear translocation.
In addition, during live cell experiments in Aplysia neu- underlying the more sustained phosphorylation that is
believed tobe required for persistent increases in synap-rons, we observed GFP-importin  reenter the nucleus
after redistribution to the cytoplasm if a second stimula- tic strength. In line with this theory, we found that depo-
larization alonewas insufficient to trigger nuclear import.tion was given (unpublished data), indicating that neu-
rons were viable after pharmacological treatment and Hardingham and colleagues (Hardingham et al., 2001)
have also reported that the sustained CREB phosphory-that the nuclear export pathway was not persistently
blocked. lation byMAP kinase, but not the rapid CREB phosphor-
ylation by CaM kinase, is blocked by microinjection ofIt is interesting to find importin nuclear transport carri-
ers in PSD fractions, since this not only suggests that wheat germ agglutinin, which is known to block active
nuclear import without affecting passive diffusion. Thisimportins are well localized to recognize synaptically
activated signaling molecules and transport them to the slower response to synaptic stimulation would also
serve to lengthen the time of response to a stimulus.nucleus, but also raises the possibility that importin 
may be tethered at the synapse through its interaction Thus, if a stimulus were sufficient to activate the nuclear
import pathway, it would initiate a process persistingwith the PSD. A precedent for such an interaction has
been shown in hepatocytes, where importin 2 binds beyond the half-life of the stimulus itself.
Identification of importin cargoes will be of centralthe glucose transporter via its cytoplasmic tail and is
released upon glucose transport, whereupon it translo- importance to understanding the mechanisms underly-
ing transcription-dependent plasticity. In nonneuronalcates to the nucleus carrying cargoes that activate the
expression of glucose-sensitive genes (Guillemain et al., cells, different importin isoforms have been shown to
interact with distinct cargo (Kohler et al., 1999). There-2002).Were neuronal importin tethered to thePSD either
directly or indirectly via an association with a receptor fore, a full investigation of additional importin isoforms
and their stimulus-dependent localization may revealor ion channel, it could be released upon stimulation to
bind soluble cargoes at the synapse and transport them mechanisms that enable neurons todistinguish between
discrete synaptic stimuli in order to initiate appropriateto the nucleus.
The stimulus-dependent nuclear accumulation that gene expression responses. The finding that importin
nuclear transport carriers are present in both axons andwe observed was consistently accompanied by a de-
crease in the amount of importin in the dendritic cyto- dendrites suggests that they may play a role in multiple
cellular processes. Neuronal importins have been pre-plasm, so importins do indeed appear to travel from
distal sites into the nucleus. It is interesting that the viously reported to mediate retrograde signaling in re-
sponse to axonal injury (Hanz et al., 2003). We havepeak of nuclear accumulation is reached at 30 min in
both Aplysia and hippocampal neurons, because trans- demonstrated that active nuclear import plays a crucial
role during learning-related synaptic plasticity. It is likelylocation over the short distance from the somatic cyto-
plasm into the nucleus would be expected to occur that importin-mediated signaling is involved in other
transcription-dependent processes that are initiated bymore rapidly. In nonneuronal cells, for example, nuclear
import has been observed within 2 to 10min of extracel- synaptic events. Elucidation of the classical nuclear im-
port pathway in neurons will provide important insightlular stimulation (Cassany et al., 2004; Schuringa et al.,
2001). Thus, the late peak of nuclear import is consistent into the cell biological mechanisms whereby signals
generated at the synapse are targeted and transportedwith a contribution of importins traveling from distal
processes using fast retrograde transport mechanisms, to the nucleus.
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Experimental Procedures Rodent Hippocampal Cultures
Primary cultured hippocampal neurons were prepared from P0–P1
Black 6 mouse or Sprague-Dawley rat pups. The CA1 and CA3Aplysia Cell Culture, Electrophysiology, and Microinjection
Culture dishes and media were prepared as previously described regionswere isolated, enzymatically digested, and plated onto glass
coverslips precoatedwith 1:50Matrigel (Becton Dickinson Labware,(Montarolo et al., 1986). Sensory neurons were isolated from the
pleural ganglia and LFS motor neurons from the abdominal ganglia Bedford, MA) at a density of 40,000 cells/cm2 for immunocytochem-
istry and 75,000 cells/cm2 for transfection. Cultures weremaintainedof 80–100gAplysia californica, obtained fromAlacrityMarine Supply
(Redondo Beach, CA). Detailed methods for culture preparation are in MEM media (Invitrogen) containing 5% FBS (HyClone, Logan,
UT), 2%B-27 supplement (Gibco, Grand Island, NY), 2mMGlutamaxavailable at http://www.gonda.ucla.edu/researchlabs/martin/. After
4 days in culture, the strength of the synaptic connection between (Gibco), insulin 24g/ml (Sigma), 0.1 mg/ml transferrin (Calbiochem,
La Jolla, CA), 28 mM glucose, and 4 M AraC (Sigma) to preventeach sensory andmotor neuron wasmeasured as described in Zhao
et al. (2003). Microinjections of NPC antibodies (4 mg/ml) or anti- glial proliferation. Cells were grown in a humid incubator containing
5% CO2 at 37C.influenza virus hemagglutinin (4 mg/ml) were also done as described
in Zhao et al. (2003). Injections were done after measurement of the
initial EPSP amplitude and 3 hr prior to application of five pulses of Pharmacological Stimulation of Hippocampal Cultures
5-HT. Cells were fixed and stained with Alexa Fluor-labeled second- Between 14 and 16 DIV, regular culture medium was replaced with
ary antibodies to visualize the injected primary antibody. MEM containing 1 M TTX or 20 m D-APV 
 10 m NBQX for
4–6 hr before stimulation to establish a stable and low baseline
of nuclearly localized importin. Neurons were then stimulated byPharmacological Stimulation of Aplysia Neurons
replacing the media with either Tyrode’s solution (129 mM NaCl,Bath application of five pulses of 5-HT was done as previously
5 mMKCl, 2mMCaCl2, 1 mMMgCl2, 30mM glucose, 25 mMHEPES,described (Montarolo et al., 1986). For analysis of ApImp3-GFP in
10 M glycine) containing 40 M glutamate 
 1 M TTX or 90 mMliving sensory neurons, ApImp3-GFP expression vectors (200
KCl isotonic Tyrode’s solution including 20 M D-APV 
 10 Mng/l) were microinjected into the nucleus of 2-day-old cultured
NBQX. After 5 min, the stimulus was washed out and cultures weresensory neurons. The ApImp3-GFP signal was imaged 24–48 hr
returned to 37C incubator. At 30min, cellswere fixed andprocessedlater by confocal microscopy. Optical sections were taken through
for immunocytochemistry. For receptor/ion channel inhibition ex-the nucleus when either 50 M forskolin, 0.01%DMSO, 10 M5-HT,
periments, either 100 M APV, 100 M NBQX, 100 M LY341495,or 200 l artificial ASW were bath applied. Images were taken at 0,
or 10 M nimodipine was added 10 min before and was present5, 15, 30, 60, and 120 min after either forskolin or DMSO was added.
throughout glutamate stimulation to ensure complete pharmacolog-For the 5-HT experiments, images were taken immediately following
ical blockade.each 5 min pulse of 5-HT (or ASW).
For analysis of GFP-importin 2 in living neurons, cells were trans-
fected at 8–10 DIV with 1 g DNA using Lipofectamine 2000 (Invit-Preparation of NLS-BSA-Alexa Fluor 488
rogen) according to the manufacturer’s instructions. GFP-importinNuclear localization signal peptides (NLS) (CTPPKKKRKV) and mu-
2-N2 was a generous gift from Armelle Leturque, INSERM, Paris,tant nuclear localization signal peptides (mutNLS) (CTPPKTKRKV)
France. Importin 2-N2 was purified using the EndoFree Plasmidwere purchased from Sigma (St. Louis, MO). The peptides were
kit (Qiagen, Valencia, CA). Before experiments, cells were electricallycoupled to BSA-Alexa Fluor 488 conjugate (Molecular Probes, Eu-
silenced for 4 hr in MEM containing 1 M TTX, 20 M D-APV, andgene, OR) with Sulfo-SMCC (sulfosuccinimidyl 4-(N-maleimido-
10 M CNQX. Neurons were then stimulated by replacing the mediamethyl)cyclohexane-1-carboxylate (Pierce Chemicals, Rockford, IL)
with either Tyrode’s solution containing 40 M glutamate 
 1 Musing standard protocols described in Current Protocols Library
TTX or 90 mM KCl isotonic Tyrode’s solution including 20 M(http://www.interscience.wiley.com/c_p/index.htm). Microinjections
D-APV 
 10 M CNQX. Confocal images were taken at 0, 10, 20,were done using 0.5 mg/ml BSA.
and 30 min after stimulus application.
Cloning of Aplysia Importin 3 Chemical LTP of Hippocampal Slices
Aplysia importin 3 was cloned first by using degenerate oligonu- Standard techniques were used to prepare slices (400 m thick)
cleotide-mediated PCR (5 oligonucleotide CARTTYGARGCNGCN from the hippocampus of halothane-anesthetized C57BL/6 mice
TGGGC, 3 oligonucleotide ATNGCCCAISMNGCYTCYTT). The PCR (male, 5–8 weeks old). Slices were allowed to recover for 3 hr while
product was used to screen a ZAPII full-length cDNA phage library maintained in interface-type chambers constantly perfusedwith arti-
prepared from Aplysia sensory clusters (provided by D. Bartsch). ficial cerebrospinal fluid (ACSF) as specified in Makhinson et al.
ApImp3 was cloned into the pNEX3 vector (Kaang, 1996), with a (1999). Chemical LTP was induced by a 10 min application of 50
GFP tag fused to the carboxyl terminal.
M forskolin, followed by a 5 min application of high-K
/Ca2
 ACSF
(30 mM KCl, 10 mM CaCl2, 0 mM MgSO4) as in Makhinson et al.
In Situ Hybridization (1999). Induction of potentiation was confirmed by standard electri-
Digoxigenin sense and antisense riboprobes were made using dig- cal recording of fEPSPs in the CA1 region of hippocampal slices.
oxigenin-UTP (Roche Products) and the MaxiScript transcription kit The time at which induction of synaptic potentiation began was
(Ambion, Austin, TX) according to the manufacturer’s instructions considered to be the start of the high-K
/Ca2
 ACSF perfusion to
as previously described in Moccia et al. (2003). slices. Slices were fixed after 30 min and prepared for immunostain-
ing. Control slices consisted of untreated slices from the same ani-
mal that were perfused with ACSF for matched time periods.Antibodies
Polyclonal anti-Aplysia importin 3 antibody was raised in rabbits
immunized with a GST fusion protein containing the first 300 amino Immunostaining
Hippocampal cultures were fixed at room temperature for 10 minacids of the N terminus of ApImp3. Immunization of the antibodies
and affinity purification of the antibody generated against the fusion in 4% paraformaldehyde (PFA). Cells were then permeabilized for
5 min with 0.1% Triton X-100. Hippocampal slices were fixed forprotein were done by Proteintech (Chicago, IL). Whole sera con-
taining rabbit polyclonal antibodies against mouse importin 1 1 hr in 4% PFA and permeabilized for 1 hr with 0.5% Triton X-100.
Aplysia neurons were fixed for 10 min in 4% PFA with 30% sucrose(mSrp1) and importin 2 (mPendulin) were kind gifts from Marion
Waterman, UC Irvine, CA. The raw sera were purified on protein G and permeabilized 0.3% Triton X-100 for 10 min. Free aldehyde
groups were quenched with 50 mM NH4Cl for 10–20 min, and non-columns (Pierce Chemicals). Monoclonal anti-importin 1 and anti-
PSD95 antibodies were from Affinity BioReagents (Golden, CO), specific antibody binding was blocked by incubation in 10% goat
serum for 30–60 min at room temperature. Cells were incubatedand anti-VAMP was from Synaptic Systems (Gottingen, Germany).
Polyclonal anti-synaptophysin and anti-MAP2 were from Chemicon with primary antibodies in 10% goat serum for 1–3 hr at room tem-
perature or overnight at 4C (10g/ml importin 1, 15g/ml importin(Temecula, CA). Monoclonal anti-MAP2 antibodies were from Sigma
(clone HM-2). 2, 1 g/ml ApImp3, 1:500 importin 1, 1:500 PSD-95, 1:1000
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MAP2). Primary antibodies were detected by incubation with 1:2000 Bliss, T.V., and Collingridge, G.L. (1993). A synaptic model of mem-
ory: long-term potentiation in the hippocampus. Nature 361, 31–39.Alexa Fluor 488- or 546-conjugated secondary antibodies in 10%
goat serum for 1–3 hr at room temperature. Slices were incubated Blumenfeld, H., Spira, M.E., Kandel, E.R., and Siegelbaum, S.A.
in primary antibody for 48 hr and secondary antibody for 24 hr at (1990). Facilitatory and inhibitory transmitters modulate calcium in-
4C with extensive washing between incubations. flux during action potentials in Aplysia sensory neurons. Neuron
5, 487–499.
Synaptosome Preparation and Immunoblots Brandon, E.P., Idzerda, R.L., and McKnight, G.S. (1997). PKA iso-
Aplysia synaptosomes were prepared using the two-step protocol forms, neural pathways, and behaviour: making the connection.
as described in Chin et al. (1989). Proteins (25 g) were resolved Curr. Opin. Neurobiol. 7, 397–403.
on a 10% SDS-PAGE gel, transferred to a polyvinylidene fluoride Cassany, A., Guillemain, G., Klein, C., Dalet, V., Brot-Laroche, E.,
(PVDF) membrane, and probed with primary antibodies. For control and Leturque, A. (2004). A karyopherin 2 nuclear transport pathway
Western blots, 5g protein was loaded. HRP-conjugated secondary is regulated by glucose in hepatic and pancreatic cells. Traffic 5,
antibodies (New England Biolabs) were used 1:3000. Bands were 10–19.
detected by chemiluminescence (ECL Plus, Amersham).
Chin, G.J., Shapiro, E., Vogel, S.S., andSchwartz, J.H. (1989). Aplysia
synaptosomes. I. Preparation and biochemical and morphological
Image Acquisition and Analysis characterization of subcellular membrane fractions. J. Neurosci.
Confocal fluorescence images were obtained using a Zeiss Pascal 9, 38–48.
scanning laser microscope using 63 (1.2 NA) water immersion
Chotiner, J.K., Khorasani, H., Nairn, A.C., O’Dell, T.J., and Watson,objective. All images within a single experiment (i.e., control and
J.B. (2003). Adenylyl cyclase-dependent form of chemical long-termexperimental) were acquired using equivalent settings by an experi-
potentiation triggers translational regulation at the elongation step.menter who was blind to the treatment conditions. Images were
Neuroscience 116, 743–752.analyzed using LSM Pascal or Universal Imaging Metamorph soft-
Clever, J., Yamada, M., and Kasamatsu, H. (1991). Import of simianware. For hippocampal immunocytochemistry, cultured neurons
virus 40 virions through nuclear pore complexes. Proc. Natl. Acad.were colabeledwith antibodies against importin andMAP2. Neurons
Sci. USA 88, 7333–7337.were selected at random from each quadrant of the coverslip by
visualizing the MAP2 staining. We acquired 10 serial stack pictures Davis, L.I. (1995). The nuclear pore complex. Annu. Rev. Biochem.
per coverslip covering a depth of approximately 5 m through each 64, 865–896.
neuron. Since the importin antibodies clearly labeled the nuclear Featherstone, C., Darby, M.K., and Gerace, L. (1988). A monoclonal
membrane, we used this staining as a guide to manually outline the antibody against the nuclear pore complex inhibits nucleocytoplas-
nucleus of the brightest optical section and then determined its mic transport of protein andRNA in vivo. J. Cell Biol. 107, 1289–1297.
mean pixel intensity (pixel values 0–255). The fluorescence intensity
Frey, U., Krug, M., Reymann, K.G., and Matthies, H. (1988). Aniso-of all distal processes was determined by manually outlining a den-
mycin, an inhibitor of protein synthesis, blocks late phases of LTPdritic segment (10 m2) located 50 m away from the cell body. In
phenomena in the hippocampal CA1 region in vitro. Brain Res.hippocampal live cell imaging experiments, the nuclear pixel inten-
452, 57–65.sity of the nucleus was normalized to the cytoplasmic pixel intensity
Graef, I.A., Mermelstein, P.G., Stankunas, K., Neilson, J.R., Deisse-to control for bleaching. Laser intensity was set at minimal levels
roth, K., Tsien, R.W., andCrabtree, G.R. (1999). L-type calcium chan-to reduce phototoxicity. For LTP experiments in hippocampal slices,
nels and GSK-3 regulate the activity of NF-ATc4 in hippocampalconfocal images were taken of the CA1 cell body layer, and all nuclei
neurons. Nature 401, 703–708.within the field were quantified. Image analysis was performed blind
to experimental conditions. All statistical analysis was done using Guillemain, G., Munoz-Alonso, M.J., Cassany, A., Loizeau, M., Faus-
Prism GraphPad software (San Diego, CA). All data are reported as sat, A.M., Burnol, A.F., and Leturque, A. (2002). Karyopherin 2: a
mean pixel intensity  standard error. control step of glucose-sensitive gene expression in hepatic cells.
Biochem. J. 364, 201–209.
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